to smaller ice crystals and lower water losses during thawing (BRENNAN, 1980; PARDI et al., 2001; SINGH, 1977) . Poultry and other meat products are generally frozen in forced air blast tunnels where the circulating air flows at 3 to 8 m/s, at temperatures ranging from -35 to -45 °C. Those freezing tunnels present diverse geometries and air flow heterogeneities (SANTOS et al., 2007) , but the heat transfer from the product to the air takes place always in transient state (PARDI et al., 2001; RESENDE et al., 2002a) .
On the other hand, to avoid superficial drying and pale appearance of the frozen meats, these products have to be protected by low permeability plastic films, e.g., low density polyethylene (LAWRIE, 1985) . To avoid mechanical damage of the products during freezing, it is also necessary a secondary packaging, strong enough to support the transport of the products through the tunnel (ASHRAE, 1998; SILVA, 2000) . Moreover, packaging material with low thermal resistance would be of interest. Due to the complexity of the interfaces between the product and the primary packaging, the gap between the primary and secondary packaging as well as the thermal contact resistances, it is difficult to decompose the different resistances to heat transfer quantitatively during freezing.
The objective of this work was to verify the influence of commercial secondary packaging (CCB) in the freezing time of poultry cuts wrapped in PEBD films in continuous convective air blast tunnels. This study was performed by replacing Commercial Cardboard Boxes (CCB) with Perforated Metal Boxes (PMB).
Materials and methods

Samples of chicken meat and the primary packaging
Chicken wings weighing between 80 and 120 g were used in all experiments. These wings were arranged in two layers inside the corrugated cardboard box resulting in approximately 15 kg of the product. The layers were separated by a LDPE film with thickness of 0.6 mm, considered here as the primary packaging. Moreover, each box had a LDPE film of 0.3 mm placed into the inner side (bottom and lateral walls), preventing the product to have contact with the surrounding air.
Corrugated cardboard box (CCB)
Corrugated Cardboard Boxes (CCB) had dimensions of 570 x 365 x 100 mm. These boxes were introduced into the freezing tunnel without the top cover to allow better heat transfer from the product to the air. A scheme of the product inside the package and its characteristic dimensions is shown in Figure 1a .
Perforated metal boxes (PMB)
The Perforated Metal Boxes (PMB) were manufactured specially for the tests (Figure 1b) having the same dimensions as the cardboard boxes to allow comparisons. Each hole of the plate had 20 mm diameter resulting in a 81% perforated surface, which is high enough to allow an efficient contact between air and food (VIGNEAULT et al., 2004a; VIGNEAULT et al., 2004b) . As PMB presented almost no thermal resistance between the primary packaging and cold air, the secondary packaging thermal resistance was practically eliminated.
Temperature recording
Pt-100 sensors provided with data logger (Type Temprecord International Limited, model Multi-Trip, New Zeeland) were used for the measurement and recording of products timetemperature evolutions. Those instruments were programmed to collect and record temperatures in time intervals of two minutes. To perform the measurements, sensors were inserted and fixed in the geometric center of the product box. Recorded temperature data were loaded into a PC through a dedicated interface with the data logger software.
Freezing tunnels
The product freezing was monitored in two continuous tunnels with different capacities, quantity and location of fans and operating mode. boxes were placed very close to each other, not allowing air circulation around them. The product transport during the freezing process occurred only horizontally, in the normal air flow direction. The AFT1 had 35 fans placed in the same side, as shown in Figure 2a . The fans had a diameter of 0.9 m and power of 2237 W (total of 78.3 x 10 4 W). Cold air flux occurred perpendicularly to the product movement, above and below the boxes, but not around them, due to the boxes arrangement. The global evaporator's area is 6000 m 2 , distributed at the top side of the tunnel in ten blocks. The air temperature inside the tunnel was -38 °C and the product residence time was approximately 13.8 hours.
Automatic freezing tunnel 2 (AFT2)
The AFT2 was constituted of 14 levels, with height of 0.230 m. In each level 15 boxes were placed, very close to each other. The product transport during the freezing process occurred only horizontally, in counter current with the cold air. This flow differs from the AFT1's, in which the air flow was perpendicular to the products. The AFT2 had 9 fans placed on the back of the tunnel, close to the product exit, as shown in Figure 2b . Those fans had 1200 mm diameter and power of 7460 W (10 HP), totalizing 4113 W (90 HP) power. The total area of the evaporators was 9324 m 2 , located at the upper back of the tunnel, occupying the air return space. The tunnel air temperature was -38 °C and the product residence time was approximately 15.6 hours.
Time-temperature evolution during freezing
To perform the tests, temperature sensors were inserted and fixed in the geometric center of the products in the PMB. The sensors and PMB used in the tests were labeled and programmed for measuring temperature every 2 minutes. Each PMB had its dimensions and weight registered for control. The mass of the product inside each PMB, for each assay, was also determined. Besides, the same procedure was used to investigate the freezing of three CCBs, in order to compare the time-temperature evolution of the product in the two different "packagings". At the end of the freezing process (in the tunnel exit), the temperature sensors were withdrawn and connected into a PC to load the time-temperature data of PMB and CCB.
In the AFT1, the tests were performed to compare freezing times of CCB and PMB for every tunnel level, changing boxes positions in relation to the fans. At the bottom of the tunnel, three positions were compared: position 1 (P1) far from the fans, intermediate position (P5 or P6), and position 10 (P10), position closest to the fans. Product residence time in AFT1 was close to 13.8 hours. Those tests were repeated to observe reproducibility. The same procedure was repeated for the AFT2.
Thermal resistance of CCB
Freezing times of products conditioned in CCB and in PMB were compared. The PMB holes led to drastic reduction of the thermal resistance, because cold air had direct contact with the primary packaging (LDPE film). Moreover, the thermal conductivity of the steel is relatively high (K steel = 13.8 W/m °C at 0 °C, GEANKOPLIS, 1993) . The time-temperature evolution at the product's geometric center was analyzed for the two situations. Hence, the resistance to heat transfer offered by the cardboard box was assessed.
The evaluation of the global thermal resistance offered by the CCB containing the product is important to discriminate the contribution of the different thermal resistances between the product and cold air. This is shown in Figure 3 . The thermal resistance R 1 is related to the convective heat transfer between CCB and air and A is the heat transfer area. R 1 can vary according to the box position in the tunnel (different values of the convective heat transfer coefficient (h) due to the heterogeneity of air velocity). The resistance R 2 is the conductive thermal resistance related to the thickness L 2 of the box wall. The resistance R 3 is the resistance which involves physical contact between the CCB and LDPE film and between the film and the product. The R 3 value is also influenced by the thermal resistance offered by the air present between the product and the primary packaging and between the latter and the CCB wall. T A and T B are the superficial contact temperatures and q x = T A -T B /R 3 . R 3 is difficult to measure experimentally. The R 4 resistance is related to the ensemble formed by the product (peel, meat and bone) and LDPE film. It can be verified that the freezing of packaged foods is a complex heat transfer problem. Furthermore, product thermophysical properties are difficult to measure due to the presence of peel, bones, fat and meat, and because they undergo big changes around the freezing point (HELDMAN, 1992; RESENDE; SILVEIRA JUNIOR, 2002). Thus, the effect of R 2 was evaluated indirectly through the comparison between the product freezing times in the two kinds of boxes submitted to identical freezing conditions. The temperature of -18 °C at the product center was chosen as the maximal temperature allowed for the product after freezing because at this temperature more than 85% of the water is frozen, reducing drastically undesirable changes (ASHRAE, 1998; EVANGELISTA, 1989; PARDI et al., 2001 ).
Results and discussion
The results of the product freezing with the two secondary packagings are presented according to the freezing tunnel used in the tests.
Automatic freezing tunnel 1 (AFT1)
Representative results of experiments performed in AFT1 are shown in Figures 4a and 4b for the lower level, in Figures 4c to 4f for the intermediate level, and in Figures 4g and  4h for the upper level. For the lower level, it was found that even in the position next to the fans the product freezing time in the PMB was reduced by almost 45% when compared with the product in the CCB boxes. In some cases, product freezing times in the PMB were almost 70% shorter than in the CCB boxes. At the tunnel intermediate level, three different positions were compared, as shown in Figures 4c to 4f . Freezing time reductions of around 40% were observed for the PMB in the three positions at this level. For the upper level, some boxes were placed close to the fans (P 10 ) and others at some distance from them (P 1 ). By comparing the freezing times and the temperature variations of PMB and CCB, a reduction in the freezing time of up to 42% for the position close to the fans, as shown in Figures 4g and  4h , was found.
In summary, in all cases, product freezing time (time to reach temperatures of -18 °C in product center) was reduced by more than 40% by replacing CCB with PMB.
Automatic freezing tunnel 2 (AFT2)
Like for AFT1, the aim of the tests performed in ATF2 was to compare product freezing times using PMB and CCB. Two different positions in the lowest tunnel level (N 1 ) were also compared. In this case, the positions referred to the sequence in which the boxes entered the tunnel, because all boxes moved in counter flow with the cold air flow. If the air distribution in AFT2 were homogeneous, the location of the boxes would not influence the freezing time. Figures 5a and 5b show the results for the lowest level N 1 . In the tests performed in AFT2, the final temperature of the product packaged in CCB did not reach -18 °C. Small extrapolations of the freezing curves indicated that the freezing time can be reduced by around 5 hours, as illustrated by Figure 5a , and by around 3 hours, as shown in Figure 5b . The product residence time in the tunnel was maintained at 15.6 hours, which is consistent with the normal operational conditions of the tunnel. The results shown in Figures 5a and 5b indicate that the product temperature in the PMB did not reach the critical temperature of -18 °C during the test. Other similar tests were carried out in the central positions of AFT2, and they confirmed the results observed in the other positions. Results of more than thirty tests carried out in the continuous tunnels 1 and 2 demonstrated that the reduction in the freezing time of up to 45% can be obtained using PMB as the secondary packaging. In some tests the time saved was greater than 5 hours. With this data and considering that PMB offer a quasi-null resistance, it is possible to verify the influence of the CCB on the heat transfer resistance. Another important result was the reduction in the duration of the temperature plateau using PMB. As the duration of this plateau is directly related to the size of ice crystals, less damage will be caused to the muscular tissue of the meat using PMB during freezing (BRENNAN et al., 1980) . It was also observed that the use of CCB minimized the differences in the freezing time of the products placed at different tunnel positions caused by non-homogeneous air velocity inside the tunnel. Figure 6 shows the comparison of the product freezing times at different levels (N1, N6 and N10) but at the same position (intermediary position P6) in the AFT1. Utilizing CCB, the freezing times were 11 and 12.8 hours (difference of 1.8 hours), respectively, whereas using PMB this difference was reduced to 0.6 hours (6.4 to 7 hours freezing time) in the same positions.
All results obtained confirmed that the use of PMB during food freezing can provide qualitative and quantitative benefits to the freezing operation. If the PMB are built with the same dimensions as the CCB, it will allow their perfect movement through the tunnels. Further research is necessary to implement the use of PMB in factories because frozen products need to be transferred to CCB before distribution. Their implementation should be evaluated for every case, but this will be not discussed in this study. . Thermal resistances involved in the product freezing, where R 1 is related to the convective heat transfer between product and the air; A is the heat transfer area; R 2 is related to the length L of the CCB. Resistance R 3 is the contact resistance for the contact between the box and film and between the film and product. Resistance R 4 is related to the product containing skin, bone, and meat and to the LDPE films. 
Conclusions
The tests carried out demonstrated empirically that cardboard boxes used commercially as secondary packaging for meat freezing have a high heat transfer resistance. The results presented in this work indicate that replacing CBB with PMB can be an excellent alternative to reduce freezing time and improve freezing homogeneity in industrial air blast tunnels, which could also be applied to other products. Reductions of up to 45% in the freezing times can be achieved using PMB. The plateau of the temperature curve characterizing solidification was significantly reduced using PMB, which can result in better product quality. Moreover, the use of PMB reduces heterogeneities in the temperature of frozen products.
The tests were performed with chicken meat, but they may be applied to the freezing of other foods. Comparison between the cooling and freezing curves obtained from the freezing of the product in CCB and PMB and the influence of spatial distribution on freezing times in AFT1.
